Spontaneous intracerebral haemorrhage (ICH) imposes a significant health and economic burden on society. Despite this, ICH remains the only stroke subtype without a definitive treatment. Without a clearly identified and effective treatment for spontaneous ICH, clinical practice varies greatly from aggressive surgery to supportive care alone. This review will discuss the current modalities of treatments for ICH including preliminary experience and investigative efforts to advance the care of these patients.
INTRODUCTION
Intracerebral haemorrhage (ICH) comprises 10-15% of all strokes with an incidence of 24.6 per 100 000 person-years, with a growing incidence associated with the use of anticoagulation, antiplatelet agents and an ageing population [1] [2] [3] . Despite this, ICH remains the last stroke type without a definitive treatment and contributes to significant morbidity and mortality [4, 5] . Up to half the patients die within 30 days, often despite extensive stays in the ICU. Moreover, those who survive have a high degree of long-term disability [2, 6, 7] .
Treatment of ICH ranges from best medical therapy to aggressive management including a variety of surgical techniques [2, 8] . However, no acute intervention, surgical or medical, has shown definitive benefit on patient outcomes. The lack of strong evidence-based recommendations to guide practice has resulted in significant heterogeneity with clinical practice ranging from aggressive surgery to supportive care or even palliative care without improvement in outcome [2, [8] [9] [10] . improvements in neurologic function following this form of treatment. These failures have many reasons, including the great heterogeneity in patient and ICH-specific factors, treatment and in definitions of care, for example what constitutes early intervention? Attempts to improve outcomes have aimed at modifying surgical timing and patient selection. Early surgery has been favoured in an attempt to limit hematoma expansion, control mass effect and limit early herniation events. However, such attempts have encountered limitations. In 2001, Morgenstern et al. [11] attempted ultra-early craniotomy and hematoma aspiration within 4 h of symptom onset. The trial was stopped following an unfavourable interim analysis. This analysis showed a redevelopment of hematoma in 40% of patients treated with surgery within 4 h compared with the control group who had surgery within 12 h. In the late surgery group, hematoma reaccumulation was observed in 12% [11] .
Subsequent investigations continued to focus on early surgery within 12-24 h from symptom onset. One of the largest randomized clinical trials to compare open craniotomy with nonsurgical treatment was STICH I. This trial that included 1033 patients failed to show a benefit to surgery compared with conservative medical management when surgery was performed within 24 h. Favourable outcomes were observed in 26% of patients who had surgery and in 24% of conservatively managed patients as measured by the Glasgow Outcome Score (GOS) [12] . A subsequent subgroup analysis suggested that a subgroup of patients, those with superficial intracerebral hematomas and no intraventricular haemorrhage (IVH), did benefit from surgery [13] . A smaller randomized controlled trial (RCT) that included 108 patients compared early craniotomy (<8 h) with nonsurgical treatment. Outcome was better in the surgically treated patients, although mortality was similar in the two groups. The main prognostic variables were the initial neurologic status, hematoma volume and location, and in particular patients with a GCS more than 8, ICH volume less than 80 ml or subcortical ICH benefited most from surgery [14] .
Although these studies did not show a benefit to surgery for all cases of ICH, they suggested possible benefit in a subset of ICH patients. This was further supported by a meta-analysis in which individual patient data from eight of the 14 RCTs showed improved outcomes with surgical intervention compared with medical management alone if randomization was undertaken within 8 h of symptom onset, the volume of the hematoma was 20-50 ml, the GCS was between 9 and 12, or the patient was between the ages of 50 and 69 years [15] . A correction to this article was recently published; although it originally suggested that early surgery was of benefit, the trial used time to randomization and not time to surgery in the analysis, thus making interpretation of the role of timing in surgery difficult [16] .
The STICH II trial was based on the subgroup analysis from STICH I and it was designed to test the hypothesis that open craniotomy would benefit select patients. This multicentre, international randomized clinical trial enrolled 601 conscious patients with superficial lobar ICH measuring 10-100 ml, without IVH, and who were admitted with 48 h of symptom. Despite enrolling the patients most likely to benefit from open craniotomy, early surgery did not improve outcomes, and 59% of surgical and 62% of conservative nonsurgical patients had unfavourable outcomes [17 && ]. There are many reasons, including in trial design, why trials of open surgery failed. Potential outcome modifiers that were not fully controlled for in these studies include the timing of surgery, presurgical treatments, rebleeding, late crossovers to craniotomy and incomplete evacuation or effects of IVH. An additional hypothesis to explain the lack of evidence to support benefit of an open craniotomy for ICH invokes surgical trauma to viable brain tissue during the procedure. This trauma to the brain then negates any potential benefit of ICH evacuation. STICH II focused on superficial hematomas, which should limit the degree of surgically induced injury, but this too did not show a significant improvement in patient outcomes. The lack of clear benefit from open surgery has led to significant interest in minimally invasive surgery (MIS) for the evacuation of deep and superficial acute intracranial hematomas.
KEY POINTS
There is currently no surgical treatment for acute intracerebral haemorrhage (ICH) that has been shown to improve patient outcome.
Open surgical procedures to treat acute ICH have failed to show clinical benefit in large multicentre RCTs despite earlier timing, careful patient selection and limiting surgery to superficial ICH, and hence, for most patients, medical therapy appears as effective as open craniotomy.
Minimally invasive surgery using a variety of methods, including endoscopic evacuation, catheter based approaches, ultrasound and thrombolytics alone or in combination, is feasible and clinical studies show that MIS is effective in ICH evacuation.
Ongoing phase III trials will evaluate whether MIS is associated with clinical benefit.
DEVELOPMENT OF MINIMALLY INVASIVE SURGERY FOR INTRACEREBRAL HAEMORRHAGE
The development of MIS predates recent trials in open craniotomy for ICH. Nonetheless, the results of trials examining craniotomy have fuelled repeat interest in the minimally invasive technique as an acute intervention. The use of MIS for ICH started in the 1960s. Since then, several modifications to this method to enhance clot evacuation have been explored. Backlund and von Holst [18] used a mechanically assisted endoscopic approach combined with an Archimedes screw and suction. With this technique, they were able to remove large 'densely coagulated' clot [18] . This method was refined by Kandel and Peresedov [19] who were able to achieve near complete removal of clot in 28 of 32 cases, though there were three episodes of hematoma reaccumulation and seven patient deaths in the 2 weeks following surgery. In the late 1980s, mechanically assisted thrombolysis made use of ultrasound techniques and favourable outcomes were described [20] .
MIS techniques continued to evolve with the next modification being the addition of thrombolytic infusion through stereotactically placed catheters. For example, Niizuma and Suzuki [21] described 11 patients in which they drained the hematoma and then instilled urokinase in posterior fossa haemorrhages. Of the 11 patients, seven had functional outcomes, and the only patient death was associated with pneumonia [21] . Since then, several investigators have observed that thrombolysis with recombinant tissue-type plasminogen activator (rt-PA) is well tolerated and effective in removing clot [22, 23, 24 && , [25] [26] [27] [28] [29] [30] [31] . Pharmacologic thrombolysis has also been combined with sonothrombolysis, and preliminary studies in which recombinant tissue plasminogen activator (tPA) and 24 h of continuous ultrasound were stereotactically delivered through a burrhole to the clot in 33 patients with ICH, with or without IVH, suggest that the combination of these therapies is more effective in clot lysis and removal than rt-PA alone [22] .
These early trials demonstrated the effectiveness of MIS in draining ICH, but the question of clinical benefit remained unanswered. The first RCT to examine MIS was published in 1989 and compared endoscopic evacuation versus medical treatment in 100 patients with spontaneous supratentorial ICHs (subcortical, putaminal and thalamic). Endoscopic ICH evacuation did not benefit patients who were older, had deep hematomas or were stuporous or comatose before surgery. However patients with subcortical bleeds who underwent surgery had reduced mortality, and surgical patients with ICHs less than 50 ml had better functional recovery, but not reduced mortality, than medically treated patients [32] . The results of this study must be interpreted with caution, as the sample size is small and effects were only observed after subgroup analysis, that is the results likely are subject to bias.
THE MINIMALLY INVASIVE SURGERY AND RECOMBINANT TISSUE-TYPE PLASMINOGEN ACTIVATOR IN INTRACEREBRAL HAEMORRHAGE EVACUATION TRIAL
The recent evolution of MIS has been associated with improved safety and efficacy because of improved understanding of rt-PA dosing safety and ICH patient stability [28, 33] . In particular, it is now well documented that the use of rt-PA in MIS is associated with accelerated clot thrombolysis without an increased risk of haemorrhage or other adverse events [24
&&
,25]. The success of rt-PA in these early studies led to MISTIE II, a phase II multisite trial to examine rt-PA and MIS in spontaneous ICH. The first phase of this trial showed that 1 mg of rt-PA was as well tolerated as 0.3 mg dosed every 8 h. Patients were randomized into two groups, 42 to medical treatment in accordance with published American Heart Association guidelines, and 79 to surgery (69 who received MIS and rt-PA and 10 who had MIS alone). In an initial analysis, clot reduction was greater in the surgical group with an average hematoma volume for surgical patients of 19.6 compared with 40.7 ml in the medical group. Perihematoma oedema (PHE) was also less in the surgical group with a positive correlation between PHE reduction and percentage of ICH removed. The amount of PHE reduction was similar in MIS alone or MIS and rt-PA patients, that is pharmacological thrombolysis does not appear to have any neurotoxic effects.
THE ROLE OF PERIHEMATOMAL OEDEMA AND PATIENT OUTCOMES
MISTIE II confirmed that MIS using a catheter-based approach and rt-PA is feasible in properly selected ICH patients and reduced the extent of PHE.
The relationship between PHE and outcomes however is not fully understood. Several studies demonstrate that the volume of PHE is associated with the ICH initial volume, volume on a given day and expansion [27, 34, 35] . Subsequent studies, including MISTIE II, have shown that reduction in ICH volume is associated with reduced PHE [23, 25] . However, there are currently no specific therapies targeted towards this oedema [25, 36] .
The relationship between PHE and long-term tissue injury is more complex, but PHE is associated with poor outcome [37] [38] [39] , whereas an increase in PHE is associated with a decline in neurologic status [34] . Although MIS is not directed specifically at PHE, its reduction through an approach such as that used in MISTIE II provides an encouraging possibility for improved patient outcome. Ongoing clinical trials, for example MISTIE III and intraventricular thrombolysis with tPA (CLEAR III), are intended to assess the clinical efficacy of these treatments in ICH patients.
There also are ongoing studies to investigate the significance and mechanism of PHE following ICH. MRI studies have been used to try and identify the sequence or 'natural history' and the specific metabolic derangements associated with PHE and soon after hematoma formation suggest the presence of perihematoma inflammation rather than ischemia. This inflammation and/or direct mass effect from the haemorrhage itself may be responsible for reduced cerebral perfusion that has been observed to develop over time [40] . Lysis of red blood cells, thrombin production and other haemostatic events catalysed by platelet activation lead to inflammation adjacent to ICH and have all been implicated in the disruption of the blood-brain barrier that then contributes to ICH. These inflammatory cascades should plausibly play a role in secondary injury following ICH and, as such, represent important therapeutic targets that warrant further investigation [41 && ].
CONCLUSION STICH I, a multicentre RCT, showed that open craniotomy does not improve outcome over best medical management for deep ICH. There may be possibility for benefit in patients with superficial ICH within 1 cm of the cortical surface. However, the results of STICH II leave unanswered questions about the management of superficial ICH, where in some patients, medical management appears equally effective. The lack of clear clinical benefit of open surgical techniques for ICH has led to the development of minimally invasive surgical techniques including endoscopy and catheter-based drainage with or without the use of pharmacologic or ultrasound-induced thrombolysis. Early evidence suggests that MIS techniques may represent a potential beneficial acute intervention for ICH, but further study is still required.
